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The straight neutron guide and crystal filter formerly used to supply a cold neutron beam to the
NG-3 30 m small angle scattering instrument at the National Institute of Standards and Technology
Center for Neutron Research has been replaced by a vertically-kinked “optical filter” neutron guide
that eliminates direct lines-of-sight between the instrument and the neutron source. Due to
pre-existing lateral spatial constraints, the optical filter bend is in a vertical plane requiring a vertical
displacement of the sample-detector axis by about 14 cm. The optical filter is successful in
excluding unwanted fast neutrons and gamma rays from the beam at the sample position without the
use of crystal filters. We show that the optical filter provides neutron current density gains at the
sample by a factor of about 1.8 at 15 Å neutron wavelength with negligible increase in the beam
divergence, whilst allowing some measurement capability at wavelengths shorter than 4 Å
spreviously excluded by the beryllium–bismuth crystal filterd. © 2005 American Institute of
Physics.fDOI: 10.1063/1.1844472g

I. INTRODUCTION

The indispensability of neutron guide tubes for the effi-
cient transport of cold neutron beams over large distances
has been recognized since the pioneering days of the
technique.1 Straight neutron guides are relatively simple to
construct and align and provide approximately spatially-
uniform neutron beams at all wavelengths. Straight guides
have some natural beam filtering ability. If one considers the
case that they have perfect reflectivity, are fully illuminated,
and have small solid angles for lines-of-sight from the source
to the exit, their neutron transmission increases approxi-
mately proportional to the neutron wavelength squared. Thus
there is a natural bias against short wavelength neutron trans-
mission, whilst the fast neutrons and gamma rays, the major-
ity of which do not “see” the boundaries of the guide, tend to
decrease approximately inversely proportional to the square
of the distance from the source. However, the natural filter-
ing ability of a straight guide is often insufficient over the
distances considered without additional fast neutron and
gamma ray removal from the beam. On the straight neutron
guides that view the cold neutron source at the National In-
stitute of Standards and Technology Center for Neutron Re-
searchsNCNRd, this task is often performed by a crystal
filter. Up until March 2002, a straight guide-crystal filter ar-

rangement was used for the “30 m” small angle neutron scat-
tering sSANSd instrument installed on the cold neutron guide
NG-3 as illustrated schematically in Fig. 1.

The NG-3 crystal filter consisted of 8 in. eachsin the
beam directiond of vacuum-cast beryllium and quasisingle
crystal bismuth. The crystals were contained in a cryostat
and cooled by liquid nitrogen in order to reduce thermal
diffuse scattering of the desirable cold neutrons. At these
thicknesses, polycrystalline beryllium is an efficient scatterer
of neutrons with wavelengths shorter than 4 Åsthe Bragg
scattering thresholdd, whilst the main role of the bismuth is
to efficiently attenuate gamma rays in the beam without sig-
nificantly attenuating the neutrons in the transmission band
of the beryllium. Relatively large grained vacuum-cast beryl-
lium was chosen over the more traditional hot-pressed, finely
powdered beryllium because it produces about one-half of
the beam broadening of the latter due to small angle
scattering.2 Having single crystal or quasisingle crystal, as
opposed to polycrystalline bismuth, increases the neutron
transmission in the 4–6.5 Å wavelength rangesbetween the
Bragg scattering thresholds of Be and Bid. The transmission
properties of these crystals are further discussed, for ex-
ample, in Refs. 3–6, and associated references.

There are several obvious disadvantages of using the
straight guide-crystal filter arrangement:sid The guide sec-
tions feeding the SANS instrument clearly do not exploit the
full height of the preceding58Ni-coated guide.sii d The maxi-
mum transmission of the cooled filter for neutrons in the
transmission band is only about 72% nearl=4 Å falling to
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less than 56% atl=15 Å. siii d The length of the filter cry-
ostat requires a guide cut exceeding 0.5 m, resulting in neu-
tron beam divergence losses that are particularly costly at
long wavelengths.sivd The losses insiii d are further en-
hanced by small angle scattering in the crystal.svd Periodic
maintenancesliquid nitrogen filling and insulation vacuum
pumpingd of the filter cooling system is required. In light of
these disadvantages, we undertook a study of an alternative
“optical filter” guide sa term first employed, we believe, by
Hayter7d to replace the approximately 9.5 m section of NG-3
comprising the two 4.5 m long, 6 cm36 cm sections of
guide each side of the crystal filter, the filter itself, and its
associated guide gap. Henceforth we refer to this 9.5 m sec-
tion as the “filter section” of the guide. Optical filters are
already in use at the NCNR on the Disk Chopper
Spectrometer8 and on the neutron spin echo spectrometer. An
optical filter is a neutron guide that delivers a beam that has
fairly uniform spatial and angular neutron distributions simi-
lar to that of a straight guide but uses a bend or kink to
exclude direct lines-of-sight between the source and the
beam exit.fWe point out that polygonal approximations to
curved guides with no line-of-sight, although also acting as
slow neutron band pass filters, are conventionallynot re-
ferred to as optical filters because their spatial beam distri-
butions are skewed by garland reflectionsssee Ref. 12d.g As
with any such guide, the optical filter exhibits the familiar
short-wavelength transmission “cutoff” that is characteristic
of the minimum bend angle and the neutron reflective coat-
ings used on it. Most of the unwanted short wavelength neu-
trons and sourcescored gamma rays cannot negotiate the
bend and are transmitted through the reflecting surface into a

region where they can be absorbed. In most neutron guides
that are exposed to moderate neutron fluxes, the majority of
these neutrons are captured within the boron-containing glass
that constitutes the substrate for the neutron reflecting layers.
The quasi-isotropic prompt gammas resulting from this cap-
ture are low in energys478 keVd and are easy to shield from
personnel and sensitive equipment. Their intensity in the fi-
nal beam direction is usually tolerable from the sample point
of view. The typically smaller fraction of faster neutrons that
are not appreciably absorbed in the glass may be captured in
fast neutron shielding, if necessary. Likewise, the core
gamma rays can be captured in appropriate gamma ray
shielding. By dissipating most of the unwanted radiation far
from the final beam delivery point, instrumental background
levels are kept low. Transmission properties of neutron opti-
cal filters have been further discussed in Ref. 9.

The principal constraints on the optical filter design were
as follows: sid The original approximately 20 m of guide
would remain in place.sii d The location of the “footprints” of
the velocity selector, the 5 cm35 cm removable guide sec-
tions, and the detector tank would remain unchanged. Only a
vertical displacement of these elements would be permitted.
siii d The divergence of the beam at the sample should not
increase.sivd Direct lines of sight must be eliminated.

In order to satisfy these constraints, we proposed a
vertically-oriented “double kink” optical filter design that ne-
cessitates the raising of the velocity selector-sample-detector

FIG. 2. Post-March 2002 configuration of the NG-3 neutron guide tubesside
viewd for the 30 m SANS instrumentsnote differenty and z scalesd. The
configuration is shown with all 8 removable guides inserted in the beam
sNg=8d. The OFsoptical filterd is illuminated by the full area of the preced-
ing 6 cm315 cm58Ni guide. The vertical displacement of the beam center
at the sample is approximately 14.3 cm which is just sufficient to exclude a
line-of-sight between the source and the exit of the filterssee dotted–dashed
lined. The solid arrowed line illustrates a trajectory undergoing an even
number of reflectionss2d from the upward-sloping surfaces of the OF,
emerging with the samey-z plane projection angle with which it entered.
Such trajectories can potentially be transmitted towards the sample either
directly or by further reflections in the removable guide sections. The
dashed-arrowed line illustrates a trajectory that is once-reflected from the
upward-sloping surfaces of the OF and emerges at an inappropriate angle to
be transmitted further.sNote that the angles are greatly exaggerated by the
differenty andz scales.d The horizontal dashed lines indicate the diameter of
the spherical, first-generation liquid hydrogen cold source.

FIG. 1. Pre-March 2002 configuration of the NG-3 neutron guide tubesside
viewd for the 30 m SANS instrumentsnote differenty and z scalesd. z
represents the distance along the beam direction from the center of the cold
source. Unable to exploit the divergence of the initial more than 20 m of
58Ni-coated guide, the SANS instrument uses guides coated on all sides with
natural Ni within about 27 m of the sample position. The guide cut required
to accommodate the crystal filter cryostat is a little over 0.5 m long and the
minimum gap between the guides on each side of the velocity selector is a
little over 1.2 m. When all 8 removable guides are insertedsNg=8d as
shown, a circular source aperturestypically 5 cm diameterd is inserted just
downstream of the final removable guide section. When all 8 guides are
removedsNg=0d, typically a 3.8 cm diameter source aperture is placed at
the downstream end of the velocity selector gap. The dashed lines indicate
the diameter of the spherical, first-generation liquid hydrogen cold source
snot shown explicitlyd.
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plane ssee Fig. 2d. For brevity, henceforth we refer to the
optical filter and the original crystal filter configurations of
the guide as the “OF” and “CF” configurations, respectively.

The OF relies on transmitting neutrons undergoing even
numbers of reflections from the upward-sloping parallel sur-
faces such that every second reflection restores the initial
neutron trajectory orientation, but with a vertical displace-
ment, rather like a periscope. In this way we are able to
achieve a horizontally-oriented beam with similar divergence
characteristics at the sample as was obtained with the previ-
ous straight guide-crystal filter arrangement. This is illus-
trated in Fig. 3 by tracing they-z projection of a few of the
simulated trajectories that successfully reach the sample for a
neutron wavelength of 15 Å. In this case, the sample is a
25 mm diameter disk placed concentrically with the beam
exit from the guide. For clarity, the upper plot in Fig. 3
illustrates trajectories that made their first reflection on an
upper surface of the guide and the lower plot illustrates tra-
jectories making their first reflection on a lower surface.
Those neutrons undergoing an odd number of reflections
from the vertically sloping surfaces emerge along a
vertically-canted axis and are largely rejected from the beam
delivered to the sample. This is illustrated by the dashed-
arrowed line in Fig. 2. These rotated-axis neutrons can either
be absorbed or conceivably used in an application aligned
along the rotated-axis.

II. POSSIBILITIES FOR NEUTRON INTENSITY
AND MEASURING RANGE ENHANCEMENTS
USING THE OPTICAL FILTER

Because the delivered beam divergence must not in-
crease, beam current density gains at the sample cannot be
achieved by net focusing of the beam. A remaining optical
possibility for achieving such gains is for the OF to better

exploit the full height of the precedings15 cm36 cmd beam,
recognizing that the CF arrangement views only the 6 cm
36 cm central portion of it. The “optical” aspects of the
performance of the CF and OF guide configurations are well
illustrated by considering both the acceptance diagrams10–14

for neutrons entering the filter section that arrive at the
sample and the final phase-space diagram of those same neu-
trons at the sample. The horizontal plane acceptance of the
CF and OF configurations are approximately equivalent be-
cause identical coatings and guide widths are used, apart
from the fact that the OF benefits from having neutron re-
flective surfaces in place of the guide cut previously occu-
pied by the filter cryostat. Therefore, we consider only the
vertical acceptancesy-z plane projectiond.

Figures 4 and 5 show Monte Carlo-generated acceptance
diagrams for the CF and OF arrangements respectivelyscal-
culated for all eight removable guides inserted in the beam
fNg=8g as shown in Figs. 1 and 2. In both figures, the left-
hand column depicts the region of phase space occupied by
neutrons entering the filter sections that successfully arrive at
the sample. The right-hand column shows the phase-space
distribution of the same neutrons at the sample. As in Fig. 3,
the sample is a 2.5 cm diameter disk placed concentrically
with the beam exitshence the vertical boundaries of the
phase-space diagram aty= ±1.25 cmd. The three rows from
top to bottom are simulations forl=5 Å, 10 Å, and 15 Å,
respectively, using the reflectivity models described later in
this article. The vertical bold lines in Fig. 4 correspond to the
critical angle for natural nickel. In most cases, the blank

FIG. 3. y-z projections of a few Monte Carlo simulated trajectories that
successfully arrive at a 2.5 cm diameter samplesrepresented by the vertical
bar at the extreme rightd. The upper plot shows trajectories that made their
first reflection on an upper surface of the guide and the lower plot shows
trajectories that made their first reflection on a lower surface. Note that the
differenty andz scales in this projection both greatly exaggerate and distort
the reflection angles such that reflections from the sloping surfaces appear to
be nonspecular.

FIG. 4. CFscrystal filterd configuration: Entrance acceptance diagramssleft-
hand columnd for neutrons entering the CF filter sectionswith Ng=8d that
arrive at the 2.5 cm diameter sample, and phase space diagramssright-hand
columnd of the same neutrons at the sample for monochromatic wavelengths
stop to bottomd l=5 Å, 10 Å, and 15 Å. These diagrams refer to the vertical
displacement and the vertical component,b, of the polar angle with respect
to thez-axis only. Many of the blank stripes running bottom left-to-top right
are due to the effects of gravity. The two pairs of prominent blank stripes
sloping top left to bottom right are due to the velocity selectorsVSd gap and
the CF guide cut, as indicated.
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regions canted bottom left-to-top right are due to gravita-
tional effects that are included more or less rigorously in the
simulations. In the left-hand column of Fig. 4, the decreasing
point density at highery-z plane-projected angle magnitude,
ubu, is consistent with the decreasing visibility of the top and
bottom reflecting surfaces of the prefilter guide as the step in
guide height is approachedsthe maximumubu of an unre-
flected neutron at the entrance to the filter section is
0.0056 radd. The very low density of points outside of the
solid lines indicates that the acceptance at the sample is
largely determined by the critical angle of the natural nickel-
coated guide sections downstream of the filter section en-
trance.

The very different entrance acceptance diagram for the
OF in Fig. 5 shows that the full height of the illuminating
guide participates. The broad blank regions canted bottom
right-to-top left, separating three distinct and similarly
angled bands of transmitted intensity, are mainly due to
phase space regions that favor odd numbers of reflections
from the upward-sloping surfaces of the OF. Such trajecto-
ries are absent from the beam at the guide exit and at the
sample. Not all of the trajectories undergoing even numbers
of reflections from the upward-sloping surfaces of the OF
reach the sample since it is both of smaller area than the
guide exit and displaced from it. This is the origin of most of

the narrower blank “stripes,” canted more steeply top left to
bottom right, that divide the otherwise transmitting regions.

Figure 5 demonstrates that the final beam divergence at
the sample is similar to that of the CF and that the OF pro-
duces a beam at the sample that has a reasonable degree of
spatial uniformity. As was the case in Fig. 4, most of the
blank stripes canted bottom left-to-top right that increase in
width with increasing wavelength are due to the influence of
gravity. Gravity is also responsible for the curvature of the
boundaries between some of the transmitting and nontrans-
mitting regions that becomes more exaggerated with increas-
ing wavelength.

III. SIMULATIONS AND MEASUREMENTS

The simulations were Monte Carlo ray-tracing with par-
tial corrections due to gravitational effects. The simulation
models assume no misalignments of the guide elements from
their intended positions. The types of reflective coatings used
on each major section of guide are indicated in Figs. 1 and 2
for the CF and OF configurations of NG-3 respectively, not-
ing that only the elements occupying the filter section have
been replaced.

Initial simulations were performed for configurations of
the CF arrangement for which measured data exist, using the
modeled geometry and brightness of the first-generation
spre-March 2002d liquid hydrogen cold sourcesCS-Id. The
guide up to the point immediately preceding the crystal filter
had been previously modeled using the natural Ni and58Ni
reflectivities shown in Fig. 6. These reflectivities are plotted
as a function of wave vector transfer magnitude,Q, which is
given by

Q =
4p

l
sinu <

4pusradsd
l

, s1.1d

whereu is the scattering angle and the small angle approxi-
mation indicated nearly always applies.

The simulated capture flux at this position of 1.76s2d
3109 cm−2 s−1 swhere the indicated error is statisticald com-
pares well with a measured capture flux15 of 1.70s4d
3109 cm−2 s−1 swhere the indicated error is mainly due to

FIG. 5. OFsoptical filterd configuration: Entrance acceptance diagramssleft-
hand columnd for neutrons entering the OF filter section that arrive at the
2.5 cm diameter sample and phase-space diagramssright-hand columnd of
the same neutrons at the sample for monochromatic wavelengthsstop to
bottomd l=5 Å, 10 Å, and 15 Å. These diagrams refer to the vertical dis-
placement and the vertical component,b, of the polar angle with respect to
the z-axis only. Many of the blank stripes running bottom left-to-top right
are due to the effects of gravity. The wide blank stripesslabeled “odd”d
running in the opposite sense in the left-hand column are mainly due to
losses of neutrons undergoing odd numbers of reflections from the
vertically-sloping surfaces that cannot reach the sample. These missing neu-
trons emerge around a vertically-canted axis and, in the case of NG-3, are
absorbed in the velocity selector and surrounding shielding. The narrower,
steeper stripesslabeled “even miss sample”d dividing the main transmission
regions in the left-hand column are mainly due to neutrons that are able to
reach the guide exit but pass by the sample.

FIG. 6. Model reflectivities used in the Monte Carlo simulations.
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estimated uncertainties in the gold foil dimensions used for
this measurementd. In light of the good agreement of these
values, this model of the prefilter section guide was retained
for all simulations.

The beryllium–bismuth crystal filter was assumed to be
close to the boiling point of liquid nitrogen at atmospheric
pressuresapproximately 80 Kd. The model crystal filter
transmission is derived from an average of several cross sec-
tions available from the National Nuclear Data Center16 in-
cluding data specific to 600mm grain size beryllium and to
single crystal bismuth. The separate and combined transmis-
sions of the 8 in. Be and 8 in. Bi filter blocks at 80 K calcu-
lated from these cross-section data are shown in Fig. 7.

Since the OF was installed simultaneously with the in-
creased brightness and nonspherical second-generation “Ad-
vanced liquid hydrogen cold source”sCS-IId,17,18 no mea-
sured data are available for the optical filter with CS-I.
However, initial simulations of the OF were performed as-
suming the CS-I brightness and geometry in order to com-
pare the performance of the two guides under identical illu-
mination conditions. For the OF simulations, the same
natural Ni reflectivity model was assumed for its side coat-
ings as for the CF section. The supermirror model shown in
Fig. 6 is revised over the model used in the original design
study of the OF since it appears that the delivered product
has an appreciably larger critical angle but lower plateau
slow Qd reflectivity than was originally requested. This
model was developed in order to explain the measured per-
formance of the OF with CS-II.

The simulations produced differential neutron beam cur-
rent densities,dw /dl, within the defined sample region at the
sample plane. These values are shown in Fig. 8 for both the
CF and OF configurations of the guide for the cases where
all 8 removable guides are insertedsNg=8d or all removed
sNg=0d. For these respective cases, source apertures of di-
ameter 5 cm and 3.8 cm were assumed to be inserted at the

positions indicated in Figs. 1 and 2, corresponding to the
measurement configurations of the instrument. Figure 8
shows two additional curves for the OF labeled “corrected
CS-II.” These are the simulated CS-I values ofdw /dl for the
OF multiplied by the CS-II/CS-I cold source intensity gain
factors as a function of wavelength. The CS-II cold source
gain, measured at appropriately high wavelength resolution
on the adjacent and similarly-illuminated guide NG-4, is
shown in Ref. 18. This gain curve was interpolated to pro-
vide values for the additional simulation points that do not
exist in the measurements.

The simulated “real” guide gain curve for the OF with
respect to the CF arrangement, shown in Fig. 9, is evaluated
as the ratio of the simulated OF to CF values ofdw /dl
sshown in Fig. 8d, both assuming identical CS-I illumination.
It corresponds to the guide gain that would have been ex-
pected from high wavelength resolution measurements at
equivalent illumination, if such measurements had been
available.

However, reference measured data for both the OF and
CF configurations only exist in the form of neutron current
densities measured with a velocity selector operating at rela-
tively coarse neutron wavelength resolution
fDl /lsFWHMd=15%g. This low wavelength resolution op-
eration of the SANS instrument is typical but leads to a
perceived guide gain factor that differs from that simulated
in Fig. 9 sespecially in regions where the neutron spectrum
varies strongly with wavelengthd. The velocity selector trans-
mission function,TVSsld, at 15% resolutionscorresponding
to zero axial tilt of its axis of rotationd is approximately
triangular with peak transmission=0.75. Thus, in order to
compare simulated and measured neutron current densities,

FIG. 7. The modeled transmission of the 8 in. beryllium–8 in. bismuth filter
at 80 K used in the Monte Carlo simulations. The dotted line is the calcu-
lated transmission for 600mm grain size beryllium, the dashed line is the
calculated transmission for single crystal bismuth, and the solid line is the
product of the separate transmissions representing the combined transmis-
sion.

FIG. 8. Simulated values ofdw /dl for the CFscrystal filterd and OFsoptical
filterd configurations of NG-3 assuming CS-Isoriginal sourced brightness
and geometry. The data labeled “corrected CS-II”supgraded sourced are the
corresponding CS-I curves multiplied by an interpolated version of the
CS-II gain curve obtained from high wavelength-resolution measurements
performed on the adjacent guide tube NG-4sRef. 18d. The symbolNg indi-
cated in the legend refers to the number of removable guides inserted in the
beam. ForNg=8, the source aperture diameter is 5 cm and forNg=0 the
source aperture diameter is 3.8 cm. Note that the plotted point density at
longer wavelengths has been reduced compared with the original simulation
data in order to better distinguish the plot symbols.
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the simulated differential current densitiessshown in Fig. 8d
must be convoluted withTVSsl0d for each nominal wave-
length l0. The resulting simulated current densities for the
CF guidesCS-I illuminationd are compared with the corre-
sponding measurements in Fig. 10.

For the OF, the simulated differential current densities
sassuming CS-I illuminationd are first corrected for CS-II il-
lumination, then integrated overTVSsl0d, for each nominal
wavelengthl0 in order to obtain simulated current densities
that are directly comparable with available measurements.

This comparison is made in Fig. 11sthe CS-I simulation
current densities obtained by eliminating the CS-II correction
step are also included for referenced.

The simulated “perceived” total intensity gain resulting
from the combined effects of the OF and CS-II gain factors
is also a quantity that is directly comparable with available
measurements. This is defined as the ratio of the simulated
current density at a resolution ofDl /lsFWHMd=15% for
the OF with CS-II sshown in Fig. 11d with respect to the
corresponding value for the CF guide with CS-Isshown in
Fig. 10d. The measured total intensity gains are just the ratios
of the measured OF and CF beam current densitiesfat the
same resolution ofDl /lsFWHMd=15%g. These simulated
and measured intensity gains are compared in Fig. 12.

Finally, it is interesting to compare the hypothetical real
guide gain of the OF with respect to a geometry equivalent to
the CF geometry but with the crystal filter and associated
guide cut removedswhich we call the NCF configurationd.
We obtain the “real” guide gain factor by taking the ratio of
the simulateddw /dl values at equivalent illumination, as
before. The results are shown in Fig. 13 forNg=8.

IV. DISCUSSION

In order to determine the gain of the OF relative to the
CF as a function of wavelength, we need to understand the
various factors that determine the transmitted intensity for
each system. For the CF, there is an abrupt change in height
of the guide, a factor of 6/15. The crystal transmission is
negligible belowl=4 Å, rises abruptly and then decreases
monotonically for largel. There are also losses due to the
guide cuts for both the filter and the velocity selector. For the

FIG. 10. Simulated and measured beam current densities,w, for the CF
scrystal filterd arrangement with the first-generation liquid hydrogen cold
source sCS-Id illumination and velocity selector operation at
Dl /lsFWHMd=15%. The simulated current densities are obtained from the
simulated differential current densities by integrating over the velocity se-
lector transmission function,TVSsl0d, appropriate for each nominal wave-
length, l0. Note that the plotted point density at longer wavelengths has
been reduced compared with the original simulation data in order to better
distinguish the plot symbols.

FIG. 11. Simulated and measured beam current densities,w, for the OF
soptical filterd arrangement with either 8 or 0 removable guides inserted
sNg=8 andNg=0d for velocity selector operation atDl /lsFWHMd=15%.
The initial simulations ofdw /dl assuming CS-Isoriginal sourced illumina-
tion are first corrected for CS-IIsupgraded sourced illumination using the
CS-II cold source gain factorssderived from the interpolated NG-4 datad,
then integrated overTVSsld. The resulting CS-II-corrected simulated current
densities are compared with the corresponding measured beam current den-
sities for the OF with CS-II illumination. For reference, the CS-I simulated
current densities are also shown. Note that the plotted point density of the
simulated data at longer wavelengths has been reduced compared with the
original simulation data in order to better distinguish the plot symbols.

FIG. 9. Simulated “real” guide intensity gain factors of the OFsoptical
filterd with respect to the CFscrystal filterd guide, calculated as the ratio of
the simulated differential guide fluxesdw /dl at the same CS-Isoriginal
sourced illumination. These gain factors could be compared to measurements
performed at high wavelength resolution and equivalent illumination, if such
measurements were available. Note that the plotted point density at longer
wavelengths has been reduced compared with the original simulation data in
order to better distinguish the plot symbols.
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OF, only neutrons that undergo an even number of reflections
from the parallel upward-sloping surfaces of the bend can be
transmitted and enter the OF with appropriate position and
angle. This factor is less than 0.5. The transmission factor of
the bend itself is zero below a cutoff wavelength and in-
creases gradually to an asymptotic value at longer wav-
length. By using an OF with supermirror coatings that have
critical angles about three times that of natural nickelsm
=3d, we are able to extend the SANS instrument operating
range to wavelengths shorter than 4 Å. These factors explain
the shape of the intensity gain as a function of wavelength
shown in Fig. 9, with large gains forl,4 Å, gains of less
than unity aroundl=4 Å, and the monotonically increasing
gains at longer wavelengths.

Figures 10–12 demonstrate that the performance of the
optical filter is quite adequately explained by the Monte
Carlo models. The latter have also been used to make pre-
dictions where measured data are unavailable. We have
shown that the OF successfully reaches its goals of providing
both an improved and monotonically-increasing transmission
over the CF with increasing wavelength from about 6 Å up,
and useful intensity at nominal incident wavelengths down to
3 Å or belowshaving been restricted to 4 Å by the beryllium
filter previouslyd. These gains have been achieved with neg-
ligible change in the beam divergence at the sample. For
long wavelength operation of the SANS instrument around
l=15 Å, the simulations indicate that the OF guide gain is
around 1.8, increasing further at longer wavelength. The
combined intensity gains of the OF and CS-II atl=15 Å are
by about a factor 3.4.

Judging by the measurements, the Monte Carlo models
tend to slightly overpredict the beam current densities at the
sample, especially at longer wavelengths. The CS-I bright-
ness model, that was developed based on time-of-flight mea-
surements on a neighboring guide NG-1, has been used suc-

cessfully to predict integral beam current densities on other
guides systems. However, the model still depends on as-
sumptions made about the average reflectivities of the refer-
ence guide tube NG-1 and is therefore subject to some de-
gree of systematic error. Also instrumental misalignments,
that must exist to some degree, have not been taken into
account in the calculations. Comparison of beam current
density measurements and simulations at the shortest wave-
lengths suggested that the supermirror critical edge must ex-
tend well beyond the requested 3 times natural nickelsm
=3d. A model corresponding tom<3.7 sshown in Fig. 6d
was necessary to reduce the cut-off wavelength to a point
where agreement with the data could be achieved, but this
agreement was obtained with a much poorer-than-expected
low-Q reflectivity. The extended critical angle, but not the
absolute reflectivity, has since been confirmed by the OF
manufacturers.

The simulated and measured “perceived” intensity gains
sshown in Fig. 12d are in good agreement. Any systematic
errors associated with the determination of absolute intensi-
ties in the simulations might be expected to cancel to some
extent, since the quantity depends on a ratio of intensities.
However, the long-wavelength downturn of the simulated
gain factor forNg=0 does not seem to be reproduced in the
measured data. This is as yet unexplained.

The gain factor of the OF with respect to the NCF,
shown in Fig. 13 forNg=8, indicates that the long wave-
length intensity of the OF, where the presence of the bend
has little detrimental influence over the overall guide trans-
mission, is comparable to that of the NCF. Because the illu-
mination conditions and the beam entrance and exit dimen-
sions of the OF and NCF are identical, and the exiting beam
divergence is approximately the samesas requiredd, Liou-
ville’s theorem dictates that the performance of the OF can-
not exceed that of the NCF, at least for “perfect” reflectivity.
We conclude, therefore, that the OF has near-optimal perfor-
mance at long wavelength.

Finally, we estimate the lifetime of the OF from a neu-
tron radiological point of view, in particular that of the lower

FIG. 13. Simulated OFsoptical filterd gain factorsratio of dw /dl at equiva-
lent illuminationd with respect to the hypothetical NCFscrystal filter re-
placed by guided geometry.

FIG. 12. Simulated and measured “perceived” current density gain factors
sratios ofwd resulting from the combined gains of the OFsoptical filterd and
the CS-IIsupgraded cold sourced. The simulated gain factors were obtained
by assuming the same wavelength resolutionfDl /lsFWHMd=15%g as the
measurements. Note that the plotted point density of the simulated data at
longer wavelengths has been reduced compared with the original simulation
data in order to better distinguish the plot symbols.
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sloping surface of the OF that is most exposed to the neutron
flux. To a good approximation, with CS-II about 331010

thermal neutrons per second are absorbed in the boron of the
glass substrate over an area of approximately 3000 cm2, cor-
responding to a surface flux of approximately 107 cm−2 s−1.
Experience has shown that the most critical failure mode of
this type of glass is due to build up of helium gas pressure
within the glass caused bya-decays following neutron ab-
sorption. Problems are known to occur only at thermal neu-
tron fluences greater than about 1018 neutrons cm−2. Thus,
the lifetime of the glass at these exposure levels is not a
critical issuesabout 3000 yearsd.

ACKNOWLEDGMENTS

The authors are grateful to the National Science Foun-
dation for financial support under Agreement No. DMR-
0086210. The authors express their sincere gratitude to the
NIST staff who were involved in this project; in particular,
George Baltic, Don Pierce, Mike Rinehart, and Jim Moyer.

The authors are indebted to David Mildner, John Copley, and
Mike Rowe for valuable discussions.

1H. Maier-Leibnitz and T. Springer, Annu. Rev. Nucl. Sci.16, 207s1966d.
2C. J. Glinka, J. M. Rowe, and J. G. LaRock, J. Appl. Crystallogr.19, 427
s1986d.

3B. M. Rustad, J. Als-Nielsen, A. Bahnsen, C. J. Christensen, and A.
Nielsen, Rev. Sci. Instrum.36, 48 s1965d.

4S. Holmryd and D. Connor, Rev. Sci. Instrum.40, 49 s1969d.
5A. K. Freund, Nucl. Instrum. Methods Phys. Res.213, 495 s1983d.
6L. A. De Graaf, Interuniversitair Reactor Institut, Delft, Report No. IRI
132-82-02s1984d.

7J. B. Hayter, Proc. SPIE1738, 2 s1992d.
8J. R. D. Copley and J. C. Cook, Chem. Phys.292, 477 s2003d.
9J. R. D. Copley, J. Neutron Res.2, 95 s1994d.

10J. M. Carpenter and D. F. R. Mildner, Nucl. Instrum. Methods Phys. Res.
196, 341 s1982d.

11I. S. Anderson, Proc. SPIE983, 84 s1988d.
12D. F. R. Mildner, Nucl. Instrum. Methods Phys. Res. A290, 189 s1990d.
13D. F. R. Mildner, Nucl. Instrum. Methods Phys. Res. A292, 693 s1990d.
14J. R. D. Copley, J. Neutron Res.1, 21 s1993d.
15R. Lindstrom, gold foil activation measurementssNCNRd sunpublishedd.
16http://www.nndc.bnl.gov/index.jsp
17R. E. Williams and J. M. Rowe, Physica B311, 117 s2002d.
18NIST Special Publication 993 “NCNR 2002,” ed. R. L. Cappellettis2002d.

025108-8 Cook, Glinka, and Schröder Rev. Sci. Instrum. 76, 025108 ~2005!

Downloaded 04 Nov 2005 to 129.6.122.161. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp


